ABSTRACT Air pollution has become a global issue from the perspective of public health and the social economy. Of the various air pollutants, fine particulate matter (PM2.5), which is less than 2.5 micrometers in diameter, can cause serious health problems such as asthma, lung cancer, respiratory diseases, cardiovascular disease, birth defects, and premature death. The ability to have accurate dust information in real-life is very important for patients with respiratory illnesses. Visible-light communication, which performs the functions of illumination and data transmission in indoor environments, could be utilized for the long-term transmission of important environment information, even in places where RF transmissions are restricted, such as medical centers, emergency rooms, or nursing homes. In this paper, a prototype of a wavelength division multiplexing optical transmission system is proposed for electromagnetic interference-free indoor dust monitoring. Important indoor environment information, such as dust concentration, temperature, and relative humidity, are transferred by red green blue (RGB) light sources. A single RGB-type white light-emitting diode and a single color sensor are adopted to enable a low-complexity implementation. An average voltage-tracking technique is utilized for robust light detection to eliminate ambient light and low-frequency noise. The incoming RGB lights are separated by a color sensor, and are simultaneously processed by a receiver microcontroller. Medical experts and patients can then monitor indoor air quality in real-time, and they can improve the environmental awareness of individuals. 
I. INTRODUCTION
In recent years, air quality has rapidly deteriorated owing to unprecedented economic growth, rapid urbanization, and increased energy consumption. The problem of air pollution has therefore become a global issue that is detrimental to human health, and which increases the global burden of disease worldwide [1] , [2] . Of the various types of air pollutants, fine particulate matter (PM2.5), which describes pollutants that are less than 2.5 µm in diameter, is the greatest concern [3] . PM2.5 is potentially harmful to persons' health as PM2.5 particles penetrate the deepest part of the lungs, such as the bronchioles or alveoli (the gas exchange regions), and even pass through the lungs to affect other organs. According to recent studies, PM2.5 may cause serious health problems such as asthma, lung cancer, respiratory diseases, cardiovascular disease, birth defects, and premature death [4] , [5] , [6] . Thus, it is important to monitor air quality in real-life, especially the PM2.5 concentration.
Various studies have been proposed to achieve PM monitoring in order to provide information about outdoor air quality [7] - [10] . In [7] , an unmanned aerial vehicle (UAV) was designed to collect dust information after blasting at open-fit mines. A low-cost urban PM2.5 monitoring system based on mobile sensing was proposed in [8] and [9] . For large-scale PM monitoring, a study [10] introduced an anomaly-detection framework. Those studies support the acquisition of useful air-quality information with respect to outdoor dust monitoring. Meanwhile, multiple reports show that humans spend more than 90% of their daily lives in indoor environments, and the indoor air quality therefore needs to be managed [11] , [12] . Indoor air quality, including PM concentration values, is different from outdoor air quality [13] . Accurate PM2.5 information in real-life is important for patients with respiratory illnesses, and it should be monitored and provided for indoor environments. In particular, air-quality information could be exploited usefully in places with large concentrations of persons with low immune systems, such as medical centers and emergency rooms.
Visible-light communication (VLC), which covers the visible-light wavelength from 480 nm to 780 nm, and which is radio frequency (RF)-free, is a potential candidate for the long-term transmission of indoor air-quality information. VLC has emerged as an alternative solution to short-range wireless communication owing to numerous advantages. For example, it can be used for both illumination and data transmission, it is electromagnetic interference (EMI) free, it is harmless to the human body, it has a large unlicensed bandwidth, and it provides security against unwanted network access because that visible light does not penetrate through the building walls [14] . Therefore, it can be further employed for real-life applications, such as vehicle-to-everything communication [15] , indoor navigation [16] , environmental monitoring [17] , and bio-medical data transmission [18] , [19] . Furthermore, with VLC, important environment data, including PM2.5 information, can be transmitted, even in places where RF radiation is restricted. This includes medical centers and hospitals, which are associated with the respiratory diseases. Thus, medical experts and patients can monitor indoor air quality in real-time, thus improving the environmental awareness of individuals.
In this work, wavelength-division multiplexing (WDM)-based VLC systems are introduced for EMI-free indoor PM2.5 monitoring. The focus of this study is to implement a cost-effective and low-complexity remote PM concentration monitoring system to provide three main sets of information related to indoor air quality, namely the PM2.5 concentration, indoor temperature, and relative humidity, in real-time.
To implement a WDM-based optical transmission system with a simple design, a single RGB-type white light-emitting diode (LED) and a single color-sensor are employed, i.e., three-channel data are transferred by white-light illumination. The contribution of this work is two-fold: first, this is the first work that proposes the use of WDM-based VLC for low-cost indoor air-quality monitoring, and second, we show the feasibility of long-range three-channel optical transmission with a reliable error rate in real-time. Furthermore, three sets of air-quality data, including PM information, are simultaneously transmitted with a single-cell (single RGB LED-to-single color sensor) structure. Figure 1 illustrates the block diagram of the VLC-combined PM2.5 monitoring system. For a simple low-cost hardware implementation, three-channel data are transferred by a single-RGB LED (FD-9RGB-Y2) and a single color sensor (S7505-01) with low-speed in real-time. To monitor sensor-based data, low-speed VLC system is very useful. Our low bit-rate data transmission system can be utilized to not only PM2.5 monitoring but also various low-speed realtime applications, such as indoor positioning, medical data transmission, art gallery monitoring, and vehicle-to-vehicle communication.
II. WDM-BASED REAL-TIME LOW SPEED VLC
A line-of-sight (LOS) transmission with tri-color lights is assumed, and Fig. 2 shows the considered LOS-link geometry. The channel model analysis is important to implement a wireless system, and to predict the channel capacity and wireless coverage. Here, the optical path loss, which is related to the transmitted and received optical power, is the most important quantity to characterize the channel, and it can be derived theoretically as below [20] :
where A is the active area of the considered photodiode, d is the distance between the transmitter and receiver, ϕ is the angle with respect to the transmitter, φ is the angle with respect to the receiver, F(φ) is the filter gain, C(φ) is the concentrator gain, and R(ϕ) is the transmitter radiant intensity, which is calculated as follows [20] 
where α is the LED illumination angle at half power. Then, the received optical power is defined as P r = H LOS ·P t , where P t is the transmitted optical power. It is given by [20] 
where F denotes the luminous flux. According to the datasheet (FD-9RGB-Y2), each luminous flux (F) is given by 50 lm, 80 lm, and 20 lm for red, green, and blue, respectively. κ(= P t /F) denotes the conversion parameter, and is derived by measuring the spectral power distribution p(λ) with the following equations [20] :
where an optical power meter, 1918-C, whose photo detector has an active area of 1 cm 2 , is used to measure the spectral power distribution, p(λ). λ is 10 nm (from 400 nm to 750 nm), V (λ) denotes the CIE 1931 (International Commission on Illumination) eye-sensitivity function in the photonics vision regime, and γ = 683 lm/W is the peak luminous efficacy based upon the sensitivity of the eye at 555 nm [21] . Then, the conversion factor κ r = 6.06 mW /lm, κ g = 5.93 mW /lm, and κ b = 5.76 mW/lm were derived for red, green, and blue colors using (5) and (6) . With F = 50, 80, and 20 (red, green, and blue, respectively), the theoretical optical power P t is 303.0 mW, 474.4 mW, and 115.2 mW for red, green, and blue, respectively. Figure 3 shows the optical path loss results obtained using experimental and theoretical methods. In the result, ''red, green, and blue'' denote the optical power of each color source of a single RBG-LED. Each solid line indicates the theoretical optical path loss, and each symbol (diamond, square, and circle symbols for red, green, and blue, respectively) is the measured optical power. It is assumed that ϕ and φ are set to 0 • , and that the optical filter (F(φ)) and the concentrator gain (C(φ)) are set to one [20] . From the result, the measured curves are very close to the theoretical result. 
III. PM2.5 MONITORING A. SELECTION OF DUST SENSOR
For air-quality monitoring, various dust sensors have been adopted [7] - [10] . These sensors differ slightly from each other in terms of the detection technique employed and the detectable dust size. Table 1 compares four commercially available micro-particle sensors. The GP2Y1010 (Sharp-G) sensor module, which provides the dust information in terms of the total suspended particles (i.e., less than 100 µm), is most widely employed owing to its good cost-to-benefitratio [7] . The PPD42NS (Shinyei) sensor, which can detect particulate matter over 1 µm in diameter, is also useful because of the acceptable accuracy for dust monitoring purposes [8] . However, these sensors require post-processing and model-based inference for accurate detection.
In contrast to the above sensors, DN7C3CA006 (Sharp-D) and PMS series (Plantower) employ a ''virtual impactor'' to separate different-sized microparticles, and they measure the light scatter to estimate the concentration of particles. In addition, both sensors can detect particles with diameters less than 10 µm (i.e., PM10), less than 2.5 µm (i.e., PM2.5), and even less than 1 µm (i.e., PM1). The main difference between these two sensors is the type of detection light source, i.e., infrared light for the DN7C3CA006 and laser light for the PMS sensor.
A recent study [22] analyzed the accuracy of PMS dust sensors compared with professional instruments, such as the TSI AM510 instrument and the GRIMM Model 1.109 as the ground level. The PMS sensor measurement showed that the particle concentration of PM2.5 was perfectly matched to that of TSI AM510 for ranges over 8 µg/m 3 [22] . With GRIMM Model 1.109 as the ground level, it showed the same measurement over 12 µg/m 3 for PM2.5 [22] . Note that dust information is usually provided as classified information, such as ''very bad, bad, moderate, and good.'' According to the standard dust index at the Korea Environment Corporation, dust index values below 15 µg/m 3 is classified as ''good'' and the measurement offset below 15 µg/m 3 is negligible. Air-quality standards from other countries or organizations show a similar value for the ''good'' category (or very low), such as below 12 µg/m 3 in USA [23] , below 15 µg/m 3 in Europe [24] , and below 12 µg/m 3 in UK [25] . Based on the above investigation, we utilized a PMS dust sensor for indoor PM2.5 monitoring because it has accurate and reliable microparticulate matter sensor, especially for PM2.5 measurements.
B. DUST SENSOR TEST
With the adoption of PMS dust sensors, outdoor dust measurements were compared to government-certified measurements (GCMs) provided by the Korea Environment Corporation. A government measuring station is 1.5 km away from our laboratory, and data are provided every hour. They were measured using the beta attenuation method, which is a widely used air-monitoring technique that employs the absorption of beta radiation by solid particles extracted from air flows. To test the measurement of the PMS5003 sensor, it is connected to the processor via a universal asynchronous receiver/transmitter (UART), and then programed to transfer dust information every hour, in which case an Atmega128 processor was adopted. Each set of data was obtained using the moving-average method, with 60 samples per hour. Figure 4 shows the measured outdoor dust index, where data1 was measured between June 17-19, 2018, and data2 were measured between September 22-24, 2018. In Fig. 5 , the correlation between government-certified data and the measured data was analyzed using the coefficient of determination (R 2 ) [26] , where R 2 ranges from 0 (noncorrelated) to 1 (perfectly fit). It is generally considered that coefficient values above 0.7 (R 2 > 0.7) denotes a high correlation between test data and reference data [26] . From the result, the measured data shows a similar trend compared with government-certified data, and the coefficients of determination of the two sets of data (the measured data and government-certified data) were found to be R 2 = 0.919. Note that the experiment place is 1.5 km away from the government measuring station, and our measurement may be affected by local conditions such as cleaning, smoke from outside, and so on. Nevertheless, it can be considered as highly correlated with GCM, such as R 2 = 0.919. Figure 6 shows an illustration of the conceptual idea of implementing VLC in medical lighting facilities. Environmental information, including the PM2.5 concentration, is transferred using a single RGB-LED (white illumination), and three-channel data are detected by a single color sensor.
IV. SYSTEM MODEL
It is stored on a database server, and the collected data can be monitored using a smartphone or PC under the lighting facilities. A medical professional or patient then confirms the indoor air-quality by utilizing the user interface in real-time or at a later time. More details will be discussed in following sections. 
A. SENSOR MODULE WITH VLC TRANSMITTER
The PM2.5 concentration, temperature, and relative humidity are considered as three major types of data for indoor air quality. In Fig. 1 , the link between the microcontroller and two sensors (PMS5 and SHT21) is shown in the transmitter block, for which case an Atmega128 processor is adopted. Information about temperature and relative humidity using an SHT21 sensor is transferred to the Atmega128 via a two-wire interface (TWI), and a PMS5003 sensor is connected to the Atmega128 via the UART for the PM2.5 concentration. The collected data (indoor temperature, relative humidity, and indoor dust index) are stored to each 8-bit register in realtime, and are transferred by a single RGB-LED simultaneously as follows. For WDM-based RGB transmission, environment information from sensors (PMS5 and SHT21) is converted to digital signals (5 V or 0 V) using a microcontroller. Both non-return to zero (NRZ) modulation and on-off keying (OOK) schemes were employed to keep the design simple and ensure low power consumption. Each set of air-quality data is modulated for bit-wise transmission in the microcontroller processor; synchronization and a processing delay are controlled using the timer interrupt method. Each output goes to a 2N5088 transistor, which controls the output current. Then, three data streams (PM2.5, temperature, and relative humidity) are transmitted by different color light sources of a single RGB-LED. Here, the data streams are prepared in a one-frame format (unit), which consists of 5 bytes, i.e., a start byte (0xFF), a header byte (0x80), two data bytes (MSB and LSB), and an end byte (0xAA).
Considering the employed devices, i.e., the LED, color sensor, and processors, the bit transmission rate is limited to around 42 kbps for each channel. According to research [27] , the human eye can be safely exposed to light frequencies over 200 Hz (or a symbol duration under 5 ms); then, this operating frequency (42 kbps or 24-µs symbol duration) ensures that the light source does not flicker.
In Fig. 7 , the designed RGB transmitter is illustrated, where an adhesive lens including a diffuser is used for RGB transmission while maintaining a simple system design.
A 3D printer (Makerbot Z18) was used to design the transmitter container. Our self-designed transmitter includes a lens, RGB-LED, optical driver, microcontroller (modulator), and sensors (two PMS5 sensors and SHT21 sensor). Figure 7(b) shows the RGB illumination with the adopted lens at a distance of 1 m, where the white zone inside the circle is the optimum area to simultaneously detect RGB lights with high intensity. Figure 8 shows a prototype of the RGB receiver module, which includes a plano-convex lens, a single-color sensor, our self-designed optical detector circuit (tri-color lights), and a microcontroller (ATmega128). The optical detector circuit VOLUME 6, 2018 for each channel in Fig. 8(c) consists of a buffer (IC1), amplifier (IC2), average voltage tracking (AVT) block (IC3), differential amplifier (IC4), and comparator (IC5). Here, an AVT block (IC3), which was recently introduced to eliminate ambient light and low-frequency noise under 100 Hz [28] , was employed. This enables strong light detection even when the light source is weaker than ambient light, where the cutoff frequency is set to 160 Hz, adopting the equation of the RC filter cut-off frequency, f c = 1/(2πRC) (R = 10 K and C = 100 nF are used).
B. RECEIVER MODULE
An S7505-01 color sensor was selected to simultaneously detect different color signals, where its size is small and it directly converts light to voltage. The color sensor includes three photodiodes, each with a different color filter located in front of it. Based on the preset color property, the incoming light is then matched by these internal photodiodes. The color sensor operates at wavelengths ranging between 400 nm to 720 nm, with peak wavelengths of 460 nm, 540 nm, and 620 nm for blue, green, and red colors, respectively. However, it shows a very low optical sensitivity, i.e., 0.16 A/W, 0.23 A/W, and 0.18 A/W for red, green, and blue colors, respectively. Because of the problems associated with sensing small light sources through a free-space channel, this lowcost color sensor is relatively underutilized. Thus, a planoconvex lens is used with an AVT block to increase the light intensity to the desired level in order to react and make the light sources focus on active areas of the color sensor.
In this study, one single-color sensor is needed because the adopted color sensor has three different color channel output pins for each respective color channel output (red, blue, and green). For conversion from RGB light sources to digital data, the incoming tri-color lights initially go to a color sensor module. Based on the respective color filter property, the respective color only passes through, excluding other colors. After the reconditioning process (from IC1 to IC5) for the required electric properties, the output signal goes to the microcontroller (ATmega 128) and can be processed. Each color channel signal is then converted to environmental information.
Each output from the three different channels is connected to I/O PORTA (PA1-PA3) of the ATmega128, and is simultaneously processed. Here, a timer-interrupt method was adopted to synchronize and detect the signal at the receiver processor. With the timer-interrupt approach, the processor generates an interrupt after a given clock count of the hardware timer, and it initiates a task without delay. First, the 0xFF and 0x80 bytes are confirmed as synchronization bytes; the signal input is sampled and stored bit-wise in eight-bit storage, and each bit is shifted until the 0x80 byte (header byte) is confirmed. This method is somewhat accurate, and can quickly detect the synchronous byte of a packet. Next, the bit existence is determined during the bit interval, and it is saved in eight-bit storage until each byte of data is formed. The recovered three-channel data streams are then combined into one frame format, i.e., a sync byte (0xFF), a header byte (0x80), six data bytes (two temperature bytes, two humidity bytes, and two PM bytes), and an end byte (0x00). Finally, the data are transmitted via a UART connection to the user interface in order to provide the realtime indoor environment information. 
C. REAL-TIME USER INTERFACE
The user interface was designed using Microsoft Visual Studio tool (monitoring indoor air quality) for the PC environment. Figure 9 shows the designed indoor air-quality monitoring screen that was used to observe PM2.5, PM10, temperature, and relative humidity in real-time. With selections of room number and sensor position, room map and sensor position information are provided. By pressing the start button after selecting the port number, indoor dust concentration, temperature, and relative humidity are displayed in real-time, and are recoded for further analysis. For clear dust information, the dust index is provided with four colors, which are classified as ''Good'' (blue), ''Moderate'' (green), ''Bad'' (red), and ''Very Bad'' (purple). Each index (''Good, Moderate, Bad, Very Bad'') means that the PM2. Figure 10 shows the experimental setup, and a single RGB LED (FD-9RGB-Y2) and a single color sensor (S7505-01) were adopted for a simple system design. The proposed system was evaluated under various conditions, and the parameters considered for indoor PM2.5 monitoring with VLC are listed in Table 2 .
V. EXPERIMENTAL RESULTS

A. EXPERIMENTAL SETUP
To test the detection capability of the color sensor for RGB white light illumination, different test byte signals (0x55, 0xCC, and 0x99) for each color source were transferred at a distance of 11 m and were observed by a 4-channeloscilloscope (DSO7054A), as shown in Fig. 11 . The transmitted RGB lights in Fig. 11(a) are almost the same as the received signal in Fig. 11(b) without any interference between each channel. Figure 11(c) shows the transmitted signal (one channel) and the signal outputs from the color sensor, IC2, and IC5, which are illustrated in Fig. 8(c) . At the color sensor output, the desired signal is combined with the noise component, and it appears that the noise overpowers the desired signal, where the measured light intensities with and without ambient light are 175 lux and 31 lux, respectively. However, we can observe a perfectly noise-eliminated signal at IC5 owing to robust optical detection by adopting the AVT-based circuit.
To ensure light transmission across a room space, e.g., a medical center, a longer-distance transmission is required (transmission coverage over 2 m), where Planoconvex lens [29] and Fresnel lens [30] can be considered at the transmitter-end. These lenses are very useful to focus the light source and extend the transmission distance without the need for an additional power supply or LED. Thus, it can be applied to extend the VLC transmission distance, as well as to ensure a compact transmitter design.
B. RGB-LED OPTICAL TRANSMISSION
The light intensity with an adhesive diffuser and Fresnel lens was measured within the room (ambient light: 100-150 lux) with (a) Lens1 and in the corridor (ambient light 150-200 lux), with (b) Lens2, as shown in Fig. 12 (Lens1: adhesive diffuser and Lens2: Fresnel lens), where a digital lux meter (MS6612) is used to measure the light intensity. As the main noise light source, a fluorescent lamp was used, and is supplied by 220-V AC supply with a 60-Hz frequency. In the graph, ''Front'' and ''Behind'' respectively denote the front plano-convex lens and behind plano-convex lens at the receiver-end. The terms ''without'' and ''with'' denote a pure light source without ambient light, and the total received light with ambient light, respectively. Figure 12 shows interesting results for transmission with Lens2 in terms of the distance extension. For example, the light intensities of the ''front-without'' and ''behind-without'' at a distance of 2.4 m are 21 lux and 189 lux, respectively, in Fig. 12(a) , and similar values (22 lux and 170 lux) were measured at a distance of 13 m, as shown in Fig. 12(b) . The intensity gap between the ''behind-without'' and ''behind-with'' cases is smaller than the intensity gap between the ''front-without'' and ''front-with'' cases for both Lens1 and Lens2. This indicates that a plano-convex lens can decrease the effect of ambient light as well as increase the focusing ability. The packet error rate (PER) performance was analyzed by adopting Lens1, Lens2, and Lens3 at the transmitter-end in Fig. 13 . One million packets of data were transmitted to evaluate the system performance through the UART connection to the PC. The PER performance with Lens1 shows a reliable error rate at distances less than 2 m, while the curve shows a rapid performance degradation over 2 m. The PER result with Lens3 is better than that of Lens1. It can be extended to 8 m; however, there is a rapid performance degradation above 8 m. The PER graph with Lens2 is notable, and the transmission distance is extended to an 11-m distance with a reliable error rate. From the results, the transmitted environment information is clearly observed on the designed user interface at 11 m, as shown in Fig. 9 . The experiment shows that white light illumination with Lens2 can sufficiently achieve cross-room transmission, such as in an emergency room or a larger space, in real-time, with a single cell transmission structure.
C. INDOOR DUST MONITORING
To obtain the indoor dust concentration in real settings, such as office environments, information should be provided at sitting eye height. For example, to get an indoor PM2.5 concentration at ground (0 m) and at a height 1.5 m, two PMS dust sensors are used. Figure 14 shows the measured indoor dust history (a) during September 6-8 2018, and (b) during September 19-21, 2018 . The indoor dust concentration is much different from that of GCM and it is occasionally higher than that of GCM owing to the local condition (smoke input, room cleaning, and people's movement), as shown in Fig. 14 . Meanwhile, the trend of the indoor dust data is affected by the outdoor dust flow when the main door of the room is frequently opened. Therefore, it is similar to that of GCM, as shown in Fig. 14(b) . The coefficient of determination is analyzed in Fig. 15 and Fig. 16. From Fig. 15 , it is derived as R 2 = 0.572, i.e., it implies that the correlation between the indoor dust concentration and the outdoor dust concentration is low. Meanwhile, it is observed that the dust indexes between different heights (0 m and 1.5 m) have very high correlation (R 2 = 0.960). This is because that micro-particles usually float in the air, and are identically distributed in the room.
VI. CONCLUSION
A prototype of a WDB-based VLC system for EMI-free environment monitoring was designed to transmit indoor PM2.5 data in real-time. For a simple low-cost hardware implementation, a single RGB-LED and a single color sensor were employed with a dust sensor module. The proposed system has the following advantages: VLC-embedded indoor PM monitoring, single-cell structure (a single LED and a single color sensor) for three-channel transmission, and real-time remote PM2.5 monitoring with our self-designed user interface. From the experimental results, the proposed system can transfer three different sets of environmental information simultaneously over a distance of 11 m with a reliable error rate, and these were clearly monitored through the designed user interface. Indoor dust information was somewhat different from that of outdoor (R 2 = 0.572). Considering the continuous deterioration of air quality worldwide, for patients with poor immune systems, accurate dust index monitoring is very important. It is expected that the proposed monitoring system can be applied as a useful reference for a future remote air quality monitoring system with EMI-free characteristics.
